Abstract-An islanding condition refers to an undesired event in which a portion of utility system, including both distributed generator(s) (DG) and local loads, remains energized while the main grid is disconnected. Unintentional islanding incident can result in serious personnel safety issues, interference to gridprotection facilities, power quality degradation, and equipment damage. Accordingly, anti-islanding protection for DG system is required by standard and utility codes. In this paper, an active islanding protection method is proposed called locking frequency band detection. The proposed method functions by introducing a virtual detection band only based on local grid frequency measurements at the point of common coupling. Hence, it has little or no impact on DG output and its power quality, and it does not get affected by a number of DGs. In addition, the proposed protection method eliminates the dreaded nondetection zone for DG systems typically observed during most severe power system transient conditions. In this paper, detailed description of the algorithm is explained and its performance and efficacy are evaluated through simulation and hardware experiments for different load quality factors.
Locking Frequency Band Detection Method for Islanding Protection of Distribution Generation I. INTRODUCTION

I
NTEGRATION of distributed generation often placed close to the load being served creates active power networks [1] - [8] . In these active networks, accidental formation of an island(s) must be avoided mainly because of possible safety issues for maintenance personnel.
As shown in Fig. 1 , an island is created when the network is split into separate parts such that one part contains distributed generators (DGs) and loads and the other part is the main utility.
Under these circumstances, the load demand for the islanded network can be matched with the island generation. Naturally, insignificant changes in voltages and currents may be observed after the island is created and it causes problems to the operation of the grid and other units within the power island [7] . Moreover, it can also be hazardous for the maintenance personnel. Thus, according to many standards such as UL 1741 or IEEE 1547, accidental islanding in current practice of utility is not allowed, and upon islanding detection, all DGs are mandated to be disconnected [1] - [8] . However, microgrid and intentional islanding operation need to be allowed to improve flexible operation of the distribution network.
Islanding detection methods can be classified into two major groups: remote and local methods [3] . Remote techniques are based on the communication between utilities and DGs, such as power line communication, supervisory control, and data acquisition, that do not have nondetection zone (NDZ), but are expensive to be implemented and need a reliable communication link [6] - [8] . NDZs are defined as a loading condition for which an islanding detection method is unable to detect islanding [7] . As this parameter varies among different islanding detection methods, it causes to prioritize one approach to other methods. Local techniques can be classified into two major divisions: passive and active [1] - [8] .
Passive methods are based on measuring local parameters of DG and comparing it with the reference value. Common passive methods are over/under frequency protection (OFP/UFP), over/under voltage protections (OVP/UVP), phase jump [8] - [11] . All these methods are almost simple, however, they fail to detect islanding in some conditions; for example, when the inverter generated power closely matches with the load, or when the load power factor is unity [6] , [13] , [14] . Rate of change of frequency, rate of change of power, change of impedance, voltage unbalance, and harmonic distortion are included in other well-established passive methods that fail to detect in some conditions. Therefore, these methods compromised by the existence of some NDZs are generally considered insufficient to detect islanding, and so, hybrid techniques are deployed [1] - [7] , [16] - [19] .
Active methods reduce the NDZ of passive methods by adding some turbulence to the inverter [6] - [9] . The idea behind active methods is that this small perturbation will result in a significant change in system parameters when the DG is islanded, whereas the change will be negligible when the DG is connected to the grid.
Active frequency drift (AFD) method made by adding slight increase/decrease in the frequency of the inverter output current fails when the load phase angle matches with the phase offset of the perturbation [15] . In addition, in the multipleinverter case, in which multiple DG sources supply a common RLC load at the point of common coupling (PCC), there would not be any agreement between all manufacturers of inverters in the direction of the frequency bias [6] . Due to considerable amount of total harmonic distortion injected into the grid creating NDZ, this method needs to be improved as shown in [19] and [20] .
The Sandia frequency shift (SFS) method (AFD with feedback) also improves the performance of the AFD method by adding positive feedback to drift the frequency away from the nominal value, and it is faster than the AFD method. However, phase angle of a load depends on the operating frequency, and this may result in islanding not being detected; so, this method is combined with the Sandia voltage shift (SVS) method to be a very effective method. SVS is very similar to sliding mode frequency shift (SMS) with a difference that feedback is applied to the voltage amplitude at PCC to push it out of the UVP/OVP region. The main advantage of the SFS method is that its efficiency does not change with the load's quality factor [5] 
Q (quality factor) of a circuit: determines how well the RLC circuit stores energy, and it is defined in (1) for a parallel RLC load.
In (1), R is the load resistor, C is the load capacitor, L is the load inductor, and w 0 is the resonant frequency of the load. In the SMS method that is very similar to AFD, phase angle of inverter current is controlled. When this phase is increased, controller interprets it as a frequency increase, until the frequency exceeds the over frequency limit. This method acts slowly and fails to detect islanding during certain load conditions when phase of the load increases faster than phase of the inverter [6] . More details about other methods, including hybrid method, which is a combination of both passive and active methods, can be found in [3] and [16] - [21] .
A new algorithm categorized in active methods of antiislanding protection, without direct communication link, is proposed in this paper. The concept behind this algorithm is creating a frequency command which should be applied to the DG. By measuring the variations of this frequency command, the islanding condition can be detected. Tables I and II show the main advantages of this proposed method compared with other common islanding detection methods. As demonstrated, no NDZ, not being influenced by the number of connected inverters, and being operable under multiple DG units are the main advantages of the proposed method compared with other active methods [3] . This paper is organized as follows. Section II presents the details of the proposed method. In Section III, simulation results obtained under different scenarios are presented. Section IV presents the experimental verification for the proposed method. Section V summarizes the findings and conclusions. In the Appendix, the difference between the proposed method and other common Sandia methods has been described.
II. LOCKING FREQUENCY BAND DETECTION METHOD
With referring to Fig. 1 , assuming a grid frequency with 60-Hz rated frequency, and existing power balance between sources and loads after islanding, sampled load frequency at PCC ( f [n]), which is also called instantaneous frequency, will be varying negligibly within the range of 59.3 < f load < 60.5. Hence, with comparing f [n] before and after applying a low-pass filter, the frequency error (ε f [n]) is created due to the grid absence and lack of reference frequency set by the grid for the load. F[n], which is called trend frequency or filtered frequency, is the frequency extracted after passing f [n] from a low-pass filter implemented by using an infinite impulse response (IIR) digital filter, as shown in Fig. 1 , and defined in (2) . Equation (3) shows how to extract ε f [n] by subtracting the instantaneous and trend frequencies. The proposed method utilizing this concept, as shown in Fig. 2 , with relying on only local frequency measurement of PCC, provides a flexible, cost effective, easy to be implement active method with no NDZ, and fast response to detect islanding incident. In an interconnected synchronous generator or droopbased microgrid, load is inversely proportional to frequency. Therefore, when load increases, frequency will drop. In other words, with referring to (3), the frequency error will become negative, and consequently, the inserted frequency to the DG ( f c [n]) defined as a command frequency will drop. Therefore, the inverter frequency will be aligned with the load frequency. This general relationship is used to determine the island even under closely balanced DG systems and microgrids
where K > 1 is an integer chosen based on desired system response time. The simplest analog IIR filter is an RC filter made up of a single resistor (R) feeding into a node shared with a single capacitor (C). The advantage of IIR filters over FIR filters is that IIR filters usually require fewer coefficients to execute similar filtering operations, work faster, and require less memory space. Then, deviation of frequency ε f [n] can be defined as an error measured between sampled frequency and filtered frequency [1] - [3] .
, of the inverter is calculated with adding amplified disturbance as shown in (4) . In (4), α as the accelerating coefficient is a constant integer, typically, greater than one and determines the rate at which the frequency command is adjusted. Therefore, frequency varies if the load is not matched with the generating power in such a way that it decreases if the load is larger than the generating capacity and vice versa. Consequently, through using an OFP/UFP with setting a threshold limit (59.3 < f g < 60.5), which is an acceptable range for gird frequency variations set by UL standard, islanding can be detected when the frequency passes the limit [22] . Frequency command variations ( f c ) defined in (5) as the mere parameter to detect islanding incident is the difference of command frequencies in two adjacent samples
A relatively difficult condition to detect islanding is for a stiff frequency grid with a constant frequency when the load exactly matches the generating capacity. So, when the grid frequency is stiff, and due to the power balance between source and load, both sampled frequency and filtered frequency cannot deviate considerably from the rated value. So, the frequency command of the inverter also remains constant, and therefore, the frequency command variation becomes almost locked as shown in (6)- (8) . In this condition, f c variations fall into inner threshold band ( in ), which is set very close to the zero
To present all possible scenarios, resonant tank (RT) condition is defined as a condition in which grid frequency is stiff, and the grid may or may not be connected. In other words, during the RT condition, the frequency may be either equal or it has small fixed error with respect to the rated frequency (60 Hz).
For example, when the grid is operating at 60.1 Hz while the rated frequency is 60 Hz. Likewise, for a weak grid, the frequency f c [n] = f c [n − 1], and the frequency command of the inverter varies. After islanding happens, both f [n] and f [n] are deviated gradually from the rated frequency, and therefore, ε f [n] moves close to zero, as the difference between sampled frequency and filtered frequency, due to the missing updated frequency information from the grid, gets saturated in some minimal values. Consequently, f c is locked in some negligible values, and it falls into a band called outer threshold bands ( out ). After passing few cycles in this mode with observing the locked frequency band, the DG will be shut OFF. Then, to avoid any possible spurious event, one layer of coding is added to the firmware as the last step to verify the islanding event through measuring the PCC voltage such that if the V pcc is changed to zero, it means that the grid is disconnected. In other words, if the frequency variation is within the inner band ( in ), and the grid is still connected, RT mode is occurred, and when the f c is beyond this band but is still limited within the outer band ( out ), and the grid is disconnected, islanding is detected. As the detection is based on the frequency band in which f c is locked, this method is named locking frequency band detection (LFBD) method.
III. SIMULATION RESULTS AND DISCUSSION
A. Simulation Setup Study
There are few parameters need to be addressed to ensure islanding detection within the standard requirements. As this method operates based on only frequency measurement of the PCC, the IIR filter is used to reach two main goals simultaneously: first is digitizing the sampled frequency, and second is lagging the measured frequency detect trend of the system, and ε f , when frequency reference gets lost due to the islanding event; 1 < K < 10 is selected in (2) to represent a single pole low-pass recursive filter smoothing the edge of a sampled frequency variation just as an RC filter when islanding happens. It should be noted that K > 10 is avoided as it does not considerably affect the obtained frequency error.
The next parameter is the accelerating coefficient α, which is defined based on the obtained ε f . α is the gain multiplied by the frequency error to generate the injected disturbance, and its value is selected by the designer. It is better to set some initial values for α relative to ε f , and do not change it for different load conditions. With 1 μs as the sampling time, ε f is obtained lower than 1 μHz, and conclusively, α is chosen 1000 to create a disturbance in the range of at least 1 MHz (ε f = 1 MHz) to ensure the stability criteria. For values around the selected α, detection time of islanding is almost constant and not sensitive to the chosen α, and accuracy is not affected.
Figs. 3 and 4 indicate that grid frequency is fixed, and command frequency variation is negligible. Results clearly show that due to the close power matching between the source (PV), and load, the grid current in Fig. 4 can be ignored. Fig. 5 shows the dc voltage with maintaining MPPT, and current of a commercial PV panel with V mppt = 31.3 V, I mppt = 9.2 A, and V oc = 39.7 V, and Fig. 6 shows the grid voltage and current per unit when there is no islanding. This creates the most difficult conditions to detect islanding, as the grid frequency is equal to the resonance frequency of the load (60 Hz), and due to the power balance, grid current is negligible, and grid frequency is locked inside the acceptable frequency range (59.3 Hz < f g < 60.5 Hz), as shown in Fig. 4 .
Depending on the chosen PLL response time, sampling time (1 μs), and controller response time, islanding detection period in the presented simulation is assumed ten cycles, the inner threshold band ( in ) is assumed to be 5 μHz noting the obtained results for f c in Fig. 7 , and outer threshold band ( out ) is chosen 1 MHz to ensure precise islanding detection, and discriminate the RT, and islanding events (Fig. 8) .
Whenever islanding happens, f c is locked between in and out , and after passing certain number of cycles in that region, islanding detection period is overflown, the inverter is turned OFF, and correspondingly, islanding command is sent out if no voltage is detected at the PCC. As expected, OFP/UFP fails to detect the islanding as the frequency is still within the valid range. Therefore, we need another method such as LFBD with no NDZ to detect the islanding occurrence. Simulation results for this method in different scenarios based on the quality factor, and grid frequency conditions are discussed in the following. happens at 0.8 s and it should be detected at least in 2 s after occurrence. As expected, as long as the grid is still connected, when islanding happens at time = 0.8 s, the frequency command variations, f c , become locked within the outer threshold band ( out ), and when the number of cycles in which these variations are locked exceeds ten cycles, the inverter is turned OFF. After shutting OFF the inverter, no voltage is detected at the PCC verifying that the grid is disconnected such that islanding is detected at time = 1.28 s.
B. Stiff Frequency Grid With Rated Frequency and Low
C. Stiff Frequency Grid With Rated Frequency and High
Quality Factor ( f g = 60 Hz and Q l = 2) Fig. 11 shows the grid voltage with constant rated frequency, and high quality factor (Q l = 2). The RLC values are selected based on Table II . As expected, a higher network Q factor leads to a stronger resonance circuit and consequently, islanding detection would be more difficult. Therefore, it needs more time to detect islanding event. As indicated in Fig. 12 , islanding is detected at time = 1.316 s.
D. Weak frequency Grid With Variable Frequency and Low Quality Factor
It has been assumed that the gird frequency is variable in the shape of a sinusoid with 0.1-Hz amplitude and 60-Hz average value. This is very similar to a practical grid frequency measured in the lab. Islanding happens at time = 0.7 s, and it is detected at 1.15 s, as shown in Figs. 13 and 14. As expected, due to the variable frequency, detection is slightly faster compared with the fixed frequency. It should be noted that the range of a valid grid frequency is within the acceptable range which is (59.3 Hz < f g < 60.5 Hz).
If the grid frequency is out of this acceptable region, the proposed algorithm has also the ability to provide the OFP/UFP protection and trip off the inverter. Table III summarizes the key features of all implemented scenarios, including quality factor, LC values, and detection time, for islanding through using the LFBD method. It explicitly shows that as expected, with increasing the quality factor, the load persistence to the frequency deviation is magnified, and consequently, the required time to detect islanding is increased.
IV. EXPERIMENTAL RESULTS
The proposed LFBD method has been implemented on an experimental test setup shown in Fig. 15 . This setup is a local power network consisting of a single-phase grid-tied PV inverter supplying a parallel RLC load. It is added with a breaker to intentionally disconnect the grid creating an island. General closed loop current control is used here for the single-phase grid-tied PV inverter. This controller consists of an outer voltage loop controlling the input dc voltage of the PV inverter, and providing the reference for amplitude of the ac current fed into the inner current loop. The inner current loop also regulates the ac current and creates the modulation index for PWM signals of the inverter [23] .
Here, we will rather focus on the supervisory control layer developed to verify the proposed LBFD method in a single prototype unit as shown in Fig. 15 . It is also assumed that single unit is connected to a grid with V g = 15 rms generated by a grid emulator in a lab scaled prototype. For the first scenario, a weak frequency grid is tested, and the quality factor of the load for all implemented scenarios is calculated to be 2.236 based on the data shown in Table IV . Noting to [24] , Q l = 2.236 is a stricter condition to detect islanding compared with what is required by the latest UL standard, Q l = 1.5.
A. Weak Frequency (Practical) Grid With High Quality
Factor (Q l = 2.236)
As it can be extracted from Fig. 16 , the amplitude change of the load current (pink waveform) before and after islanding is about 50 mA verifying that generated power almost matches the load power, and the grid current is negligible. The digitally modeled blue waveform representing f c is changed between (0 and 1) as long as the grid is connected. When islanding is detected, it is turned to be constantly one after hitting the allowance number of cycles in which ( f c ) is locked within ( out ) and the islanding is detected in almost 1 s.
B. Stiff Frequency Grid With High Quality Factor
The LFBD method has also been tested to the same system with a stiff frequency grid. Based on the values selected from Table IV and (1), Q is obtained 2.236. Fig. 17 shows the islanding detection for this system such that the inner threshold band for f c is supposed to be 0.1 Hz and the accelerating coefficient, α, amplifying the frequency error, ε f c to generate command frequency, f c is assumed to be 4.
As shown in Fig. 17 , the amplitude change of the grid current is about 50 mA, which is negligible showing that the load power exactly matches the source power, and islanding is detected less than 1 s after grid is disconnected which is within the acceptable range mandated by the IEEE standard requirements (<2 s).
V. CONCLUSION
A new active algorithm named LFBD to detect islanding for DG systems has been presented in this paper. Compared with other active methods for anti-islanding protection, LFBD can operate regardless of the parameters, which are crucial, such as starting angle of the current, and the phase angle (ϕ) of the voltage relative to the current of a paralleled RLC. This method is mainly worked based on monitoring the frequency command variations after injecting some disturbance to the frequency of DG. In other words, without having any turbulence on the voltage/current, and with only frequency disturbance, islanding can be detected when the frequency command variation is kept constant. RT condition in which grid is still connected, but its frequency is constant can also be discriminatively detected by the proposed algorithm. Fast detection time, reliable response, easy to implement, no NDZ, no impact on the MPPT operation of the PV, no impact by number of connected inverters, and flexible performance to detect both RT and islanding conditions are the main advantages of the proposed method compared with other common methods, including the SFS method. Also, as it is based on the frequency measurement of PCC, it can be utilized for multiple DGs with no problem such that if the same value for disturbance and α value are selected, all DGs detect islanding event simultaneously, and if different values are selected, they can detect islanding incident independently. All the obtained results shown in different scenarios with various quality factors can detect islanding within the range defined by IEEE 1547 standard in less than 2 s.
APPENDIX
A. Comparison of LFBD With SFS Method
Adding positive feedback of disturbance to create command frequency is the only resemblance of this method to the SFS method, but the detection criteria and the parameter, which should be monitored to detect islanding, are completely different. In general, the concept and criterion to detect islanding in the LFBD method is not similar to the criterion in other active methods, as described in Fig. 18 . For instance, SFS utilizes the positive feedback in frequency, and when the utility is disconnected and consequently, sampled frequency of the PCC varies, with referring to (9), the frequency error ( f pcc − f grid ), which is the difference between sampled and nominal frequencies ( f pcc and f grid ), is increased, and the chopping fraction (C f ) is raised in result. In contrast, in the LFBD algorithm, when the grid is connected, and it has weak frequency, the command frequency varies in each sampling point, and the ( f c ) has nonzero value. When the grid is disconnected, there is no updated information about the frequency, and so, the frequency command of the DG remains constant. In SFS, the chopping frequency (C f )exceeds the threshold band to detect islanding, but in the LFBD method, ( f c ) in a different concept, f c should fall within the inner and outer threshold bands, and gets locked to detect the islanding
With referring to [6] , it can be realized that in SFS, the inverter's output current is set back to zero at each zero crossing of the PCC voltage to stay synchronized with the grid. So, this happens before the voltage waveform when the inverter frequency is higher than that of the grid. This behavior will create a short dead time in the inverter's output current waveform, and will produce current truncation which is depredating the output power. For example, when PV is used a DG under test, it will negatively affect the MPPT operation. In addition, the efficiency of the SFS method decreases significantly when the quality factor of load is high. In contrast, the current and the voltage are not affected in the LFBD method and no harmful impact on the power quality will be observed.
In [6] and [25] , it has been shown that with reducing K , which is the accelerating coefficient in the SFS method, the power quality degradation and undesirable transient behavior in the system is reduced, but the size of NDZ is increased, especially for the loads with higher quality factor. As the SVS method is not influenced by quality factor of the load, that is why the combination of these two methods is very efficient to detect islanding and it presents a very small NDZ.
Moreover, from power degradation point of view, the frequency error of the SFS method, ( f pcc − f grid ) is significantly higher than the frequency error, ε f in the LFBD method when islanding happens. The reason is ε f is calculated based on the difference between the filtered frequency and sampled frequency at the same point which is small value, while frequency error in the SFS method is the deviation between the grid, and load frequency which is moderately increased after islanding occurrence. Therefore, it can be said that power degradation in the LFBD method has also been improved compared with the SFS method due to the lowered injected disturbance. It has been noted that scenarios that have been simulated in this paper are the severe condition in which the SFS method is unable to detect due to having NDZ and exact power match between the generated power, and the demanded power. Therefore, it needs to be combined with other methods to be an effective method [26] , [27] .
